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A B S T R A C T

Micro-Raman spectroscopy is employed to study the anisotropic optical phonons of Si-doped GaN/Sapphire
epifilms grown by metal organic chemical vapor deposition method. In an undoped 3.6 μm thick sample – our
polarized Raman measurements in the backscattering geometry revealed major first order modes of GaN and
sapphire. Careful analyses of the second-order Raman spectra using critical-point-phonons from a rigid-ion-
model fitted inelastic X-ray spectroscopy data with appropriate selection rules helped us attain expedient data
for the lattice dynamics of GaN. In Si-doped films, a modified phonon confinement model is used for simulating
Raman line shapes of E high

2 phonons to monitor crystalline quality. While the optical phonons in lightly doped
samples are coupled to electron plasma– at higher carrier concentration the over-damped A1(LO) mode vanished
in the background. For each sample we assessed the transport parameters by simulating Raman profiles of
A1(LO) line shape with contributions from plasmon-LO-phonon and Lorentzian shaped Eg sapphire mode. A
realistic Green’s function theory is adopted to study the vibrational modes of Si donors and Mg acceptors in GaN
by including force constant changes estimated from lattice relaxations using first-principles bond-orbital model.
Theoretical results of impurity-activated modes compared favorably well with the existing Raman scattering
data.

1. Introduction

In recent years, a dramatic boost of fundamental research for the
wurtzite (wz) group III-Ns (AlN, GaN, InN) is driven by the successful
fabrications of many electronic and optoelectronic devices [1–4].
Among several wide bandgap semiconductors, the benefits of using III-
Ns are related to their exceptional electrical, structural and mechanical
properties – crucial for designing the short-wavelength laser diodes,
blue-green light-emitting diodes (LEDs), photocatalysts, detectors,
sensors, high-temperature, high-power, high-frequency, high-density
data storage devices for many energy applications and space-explora-
tion needs [1–24].

Although the importance of GaN-based materials for electronic de-
vices has been highlighted in various theoretical works [1–4] – the

initial growth-related setbacks had posed huge obstacles for device
fabrications. The major issues were associated with (a) the reproduci-
bility of films morphology, (b) pervasive unintentional n-type con-
ductivity, (c) lack of efficient p-type dopants, and (d) the absence of
both native and/or lattice matched/thermally compatible substrates.
The earlier growth of GaN on sapphire (Al2O3) resulted in high density
of threading dislocations due to large disparity (~−16%) in the lattice
constants between epifilm and the substrate to cause impractically
small critical layer thickness. As the coefficient of thermal expansion in
basal plane of GaN is notably different from Al2O3 – the high tem-
perature deposition process employed in the epitaxial growth of GaN/
Sapphire epifilms also ensued thermal stress upon cooling.

Controlled growth with major improvements in crystalline quality
of GaN/sapphire films has been achieved [24] by employing a two-step
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metal–organic chemical vapor deposition (MOCVD) method. Earlier
attempts of obtaining p-type GaN were equally futile until Nakamura
et al. [25] demonstrated the activation of Mg acceptor by using post-
growth thermal annealing to attain adequate free hole concentration.
These breakthroughs have certainly helped fabricate [24–25] GaN-
based p-n junctions followed by double heterostructures for creating the
first LED with blue emission in candela scale. While the current and
future needs of GaN-based quantum-well structures are quite assuring
[1–24] – a large amount of work still needs to be done to improve the
materials’ basic characteristics for achieving its full capacity in device
applications. One must note that the electronic transport, nonradiative
electron relaxation process, lattice specific heat, structural and defect
properties are all linked to device engineering and design. These traits
can be strongly influenced by the lattice phonon excitations. One must
note that there have been and still many challenges of growing large
size wz GaN single crystals to obtain complete phonon dispersions by
inelastic neutron-scattering. For using GaN in commercial applications
[1–24] – it is equally important (a) to identify the nature of intrinsic
and doped defects which cause deep traps, (b) to assess their influence
on materials electrical and optical properties, and (c) to minimize their
effects for optimizing device performance.

In order to probe the optical, structural and electrical attributes of
intrinsic and doped GaN experimentally – it has been a routine practice
to bring in a variety of characterization techniques viz., Raman scat-
tering spectroscopy (RSS), [26–32] Fourier transformed infrared (FTIR)
absorption, reflectivity and/or transmission measurements, [32] elec-
tron paramagnetic resonance (EPR), [33] deep-level transient spectro-
scopy (DLTS), [34,35] photoluminescence (PL), [36–41] etc. While RSS
[26–31] is considered as one of the most compatible methods to study
the vibrational properties in polar materials – its exploitation for
characterizing donor and acceptor defects [42–47] in III-Ns has re-
mained, however, surprisingly enigmatic. In n- and/or p-doped GaN,
the magneto-transport (Van-der-Pauw or Hall) measurements are fre-
quently used to acquire the free charge carrier concentration N and
mobility μ [31,44] Being a purely optical method, the RSS has the
potential to study not only the interactions of free carrier plasma
[29,30] with lattice phonons for assessing N and μ but also examining
residual stress states in epitaxially grown materials. One must note that
for the implications of heteroepitaxial structures in device engineering
– the residual stress/strain in epifilms plays an important role. While
few attempts are made to understand the residual stress caused by
lattice mismatch and/or thermal misfits – a highly desirable and sys-
tematic study for comprehending the evolution of stress caused by Si-
doping in GaN/Sapphire films is either sparse and/or contradictory
[45–47]. Limited Raman spectroscopy results [27,28] exist for studying
the effects of Mg (acceptor), and Si (donor) defects on the lattice dy-
namics of epitaxially grown GaN. To the best of our knowledge, no
localized vibrational modes (LVMs) of isolated substitutional defects
(e.g., CN, ON, SiGa, MgGa) are observed experimentally.

In this paper we have reported the results of a comprehensive ex-
perimental and theoretical study to examine the influence of Si defects
on the vibrational and structural characteristics of high quality MOCVD
grown GaN/Sapphire epifilms. A two-step process, employed here to
prepare different Si-doped GaN/Sapphire epifilms, is succinctly out-
lined in Section 2.1. All the GaN/Sapphire samples (#S1-#S5) are
characterized by secondary-ion-mass spectroscopy (SIMS), x-ray dif-
fraction (XRD), FTIR, Hall effect and sheet resistivity methods to assess
the film thickness d, charge carrier concentration N and mobility μ (see:
Table 1). Room temperature (RT) micro-Raman scattering measure-
ments are performed in the backscattering geometry to study the ani-
sotropic optical phonons. A 514.5 nm line of Ar+ ion laser is employed
as an excitation source for observing the 1st order symmetry-allowed
optical phonons as well as 2nd order combinations of acoustic/optical
overtones (cf. Section 2.2). The study has helped us (cf. Section 3) (a)
evaluate the crystalline quality of the samples, (b) assigning the ob-
served Raman features (cf. Section 3.1) to the critical point phonons of

GaN and sapphire, (c) estimate N and μ, and (d) deduce residual stress/
strain in Si-doped GaN/Sapphire (cf. Section 3.2) epilayers. To monitor
the quality of films, we also adopted meticulous theoretical methods
(cf. Sections 3.2.1 and 3.2.2) to simulate Raman line shapes of E high

2 and
A1(LO) optical phonon modes. These calculations have assisted us to
examine the stress/strain as well as assessing N and μ in GaN/Sapphire
samples. Unlike many reports in the literature, our analysis of E high

2
Raman modes indicated insignificant residual strain caused by Si
doping in GaN/Sapphire (cf. Section 3.2.2) in films having N less
than<9.95 × 1017 cm−3. For isolated Si donors ( +d ) and Mg acceptors
( −a ) in GaN we have incorporated a realistic Green’s function method
by accurately including impurity-host interactions – estimated from a
bond-orbital model (BOM) (cf. Section 3.2.3) to calculate the impurity-
induced vibrational modes. Theoretical results are compared and/or
contrasted against the existing Raman scattering data [27,28] with
concluding remarks presented in Section 4.

2. Experimental

2.1. Metal organic chemical vapor deposition growth of n-GaN/Sapphire

By employing a two-step growth process, we have prepared high-
quality samples (# S1- S5) of Si-doped GaN on (0001) oriented sapphire,
using MOCVD technique. Following the methodology adopted earlier
[30] we first created an ultrathin GaN buffer layer of about ~25 nm at
low temperature (450 °C) on sapphire substrate (cf. Fig. 1) followed by
depositing GaN films at high-temperature (1050 °C) of thickness d
ranging between ~1.67 μm to 2.5 μm. Mono-silane (SiH4) is used for
transforming GaN films into n-type. A series of improved quality Si-
doped GaN epifilms are prepared under the same growth conditions
with SiH4 flux systematically modulated for achieving different doping
levels. All the MOCVD grown n-GaN/Sapphire samples were first
characterized by SIMS and XRD methods [31] to estimate film thickness
d. The values of free electron concentration N and mobility μ are de-
rived from Hall effect, sheet resistivity and FTIR measurements. The
Hall (FTIR) mobilities are found decreasing from 374 (384) cm2/V s for
N around ~2.77 (2.87) × 1017 cm−3 to 209 (207) cm2/V s for N~ 7.65
(11.2) × 1017 cm−3. The estimated values of μ by Raman spectroscopy
for Si-doped GaN/Sapphire epifilms with different charge carrier con-
centration fit reasonably well with theoretical results obtained from an
empirical Caughey–Thomas [47] model (cf. Section 3.2.2). In our
samples the mobility μ and free electron concentration N amounts to
≥90% of the total Si-concentration – suggesting a very low compen-
sation ratio. A good quality of undoped GaN/Sapphire epifilm of
thickness d ~ 3.6 µm (# So) is also prepared. This sample exhibited
slightly n-type conducting behavior with N ~ 3.27 × 1016 cm−3 (cf.
Table 1) due to the possible presence of residual oxygen (O) donors.

Table 1
The charge carrier concentration N (1017cm−3), film thickness d (μm), and
electron mobility (cm2/V s) values obtained by different methods in the
MOCVD grown Si-doped GaN/Sapphire samples (see: text).

Sample N (1017cm−3)
Fitted
Hall IR a) Raman b)

d (μm)
Fitted
XRD IR a)

μ (cm2/V s)
Fitted
Hall IR a) Raman b)

S0 (undoped) 0.327 3.58 3.61
S1 3.58 3.36 3.72 2.43 2.47 295 295 383
S2 6.57 9.07 8.83 1.94 1.95 227 225 272
S3 4.85 5.10 5.20 1.99 2.00 268 265 330
S4 7.65 11.2 9.95 2.03 2.05 209 207 243
S5 2.77 2.87 3.08 1.62 1.67 374 384 410

a) Ref. [64].
b) This work.
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2.2. Raman scattering spectroscopy

We have undertaken comprehensive investigations using Raman
scattering spectroscopy to assess the crystalline quality and critical-
point-phonon energies in GaN/Sapphire epifilms. To perform the RT
polarized micro-Raman measurements in the backscattering geometry
with

−
Z X X Z( , ) and

− −
X Y Y X Y X X Y( , ) or ( , ) configurations, we have

employed a commercially available Renishaw-spectrometer equipped
with rotation stage by utilizing an Ar+ ion laser with 514.5 nm ex-
citation source. The Raman equipment is outfitted with a microscope, a
stigmatic single spectrograph (25-cm focal length), a holographic
grating (1800 or 2400 grooves/mm), angle tunable band pass or notch
filters, and a Peltier-cooled detector (576 × 384 pixels). The micro-
scope lens employed here focused the laser beam on sample surface to a
spot size of ~1 μm with output power of less than 1 mW – adjustable by
neutral density filters. The dielectric beam splitter having reflection/
transmission ratio of 30/70 for incident unpolarized light
(λ = 514.5 nm) is used – playing two important roles: (a) directing
laser light to the objective lens for excitation, and (b) delivering scat-
tered light back to the spectrometer for detection. The spectral re-
solution of our Raman system is better than 1 cm−1 for collecting data
in the infrared range.

3. Experimental results and theoretical analysis

Raman scattering spectroscopy is a contactless/nondestructive and
very powerful technique for comprehending phonon characteristics of
both undoped and doped semiconductors. In the perfect wz GaN crystal
(see: Fig. 2 a)) there are two hexagonally close packed sublattices of Ga
and N atomic species shifted against each other along the c-axis. An
ideal structure with four atoms per unit cell belongs to a space group C v6

4

(P6 mc3 ) [27]. At the center (i.e., ≃
⇀
q 0 or Γ-point) of the Brillouin zone

(BZ), the group theory predicts eight sets of phonon modes given by

2A1 + 2B1 + 2E1 + 2E2. While one set of A1, E1 optical vibrations are
IR and Raman active – the second set is linked to the acoustic phonons.
The two E2-modes (E low

2 , E high
2 ) are also Raman active (see: Fig. 2 b))

whereas the B1 modes are silent i.e., neither IR nor Raman active. The
E high

2 mode in GaN corresponds to atomic oscillations in the c-plane (see
Fig. 2) having a nonpolar characteristic. Consequently, the E high

2
phonon frequency is sensitive to the residual in-plane stress. In n-GaN/
Sapphire the stress can be evaluated from the observed shift of E high

2
mode with respect to a free standing GaN film. One must also note that
the A1 and E1 vibrations split up into longitudinal optical LO (ωLO

A1 and
ωLO

E1) and transverse optical TO (ωTO
A1 and ωTO

E1) components by macro-
scopic electric field (i.e., LO-TO splitting). This split affects the LO
phonons to have higher energies than its TO counterparts i.e.,
| −ω ω |LO

A
TO
A1 1 and | −ω ω |LO

E
TO
E1 1 ≫ | −ω ω |LO

A
LO
E1 1 and | −ω ω |TO

A
TO
E1 1 . In the

heteroepitaxial growth of GaN, we have used sapphire substrate which
exhibits seven Raman active phonon modes expressed by 2A1g + 5Eg.

3.1. Vibrational modes of GaN and sapphire

Vibrational properties of GaN/Sapphire epifilms are sensitive to the
presence of intrinsic defects, strain, doping and growth temperature.
While the lattice dynamics of bulk GaN is studied using phenomen-
ological [48] and ab-initio methods [49] – the phonon dispersions are
measured by inelastic X-ray scattering (IXS) [50]. The knowledge of
phonon mode frequencies as well as their bandwidths are essential for
extracting the information about the structural and dynamical char-
acteristics of epitaxially grown materials. We used phonons from a
realistic lattice dynamical scheme and assessed Raman phonon features
in MOCVD grown n-GaN/Sapphire epifilms. As the momentum of in-
cident and scattered photons are very small compared to the first BZ –
only optical phonons near ≃

⇀
q 0 are excited in the 1st order Raman

Fig. 1. Sketch of the basic structure of Si-doped GaN epifilms grown on sap-
phire substrate by using a two-step metal‐organic chemical vapor deposition
(MOCVD) technique (see text).

Fig. 2. (a) Sketch of the wurtzite GaN crystal structure. The size of spheres
indicates the covalent radii – where the grey colored spheres represent nitrogen
(N) atoms while the yellow colored sphere represent gallium (Ga) atoms. (b)
The atomic displacements are represented of Γ-point of E2 E E( , )low high

2 2 , E1 and
A1 phonons in the wurtzite GaN (see text). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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process. Careful analysis of the 2nd order Raman spectra and examining
the observed impurity and/or disorder induced phonon features helped
us attain useful information about the lattice dynamics of GaN.

In Fig. 3 a-b) and c), we have displayed our RT results of RSS for an
undoped ~3.6 μm thick GaN/Sapphire (sample # S0) in the back-
scattering geometry by using a 514.5 nm excitation source. As GaN and
sapphire materials are both semi-transparent to the visible wavelength
– the Ar+ ion laser is found adequate for extorting data of their lattice
vibrations. From the 1st order Raman scattering, we have identified
distinct phonon features of (wz) GaN when laser light is incident along
the normal direction i.e., parallel to the c-axis of GaN (cf. Fig. 3 a)) and
on the cross section of the film i.e., perpendicular to the c-axis of GaN
layer (Fig. 3 b)), respectively. The experimental results of 2nd-order
Raman spectra for the same sample are shown in Fig. 3 c) as well. Major
Raman active modes observed for the sapphire substrate are also la-
belled in Fig. 3 d). In Table 2, we have listed the mode frequencies
perceived in both 1st and 2nd order Raman spectra of the (wz) GaN film
along with the 1st-order phonons determined for the sapphire substrate.
All major Raman active modes observed in (wz) GaN epifilms and
sapphire substrate have exhibited obeying apposite selection rules. The
results of 2nd order Raman scattering experiments covering both the

acoustic and optical overtone spectral regions are analyzed theoreti-
cally (cf. Table 2) by incorporating appropriate critical-point-phonon
energies from the lattice dynamics of (wz) GaN and using group-theo-
retic selection rules. In addition, we have used the width and intensity
of the 1st order Raman phonon lines to assess the quality of films (cf.
Section 3.2) and the observed frequency positions for monitoring
stress/strain in the epitaxially grown GaN/Sapphire samples.

3.2. Si-doped GaN/Sapphire

For Si-doped GaN/Sapphire epifilms, we reported results of ex-
perimental and theoretical study to comprehend the role of Si-dopants
(cf. Section 3.2.1) and extricating charge carrier concentration N and
mobility μ (cf. Section 3.2.2). In Fig. 4, the RT RSS results recorded in
the backscattering geometrical configuration are displayed for five
MOCVD grown GaN/Sapphire samples having different film thickness d
and charge carrier concentration N (cf. Table 1). In each sample, the
Fig. 4 revealed E high

2 and A1(LO) optical phonon frequencies appearing
between ~569 and 570 cm−1 and around ~740 cm−1, respectively.
While the E high

2 mode is considered sensitive to strain in GaN films – the
A1(LO) mode is, however, closely related to the charge carrier

Fig. 3. Room temperature Raman spectra under the excitation of 514.5 nm in the backscattering geometry of an undoped GaN 3.6 μm thick epifilm grown on
sapphire by using a 2-step MOCVD method : (a) The measured spectrum represents incident laser light used along the normal direction of the film, i.e., parallel to the
c-axis of the wurtzite GaN. The features shown by letters a - g represent phonon modes of the sapphire substrate. (b) The Raman spectrum represents with incident
laser light focused on the cross section of the film, i.e., perpendicular to the c-axis of the wurtzite GaN. (c) The spectrum displays second-order Raman results of the
wurtzite GaN. (d) The spectrum shows results of Raman active modes of the sapphire substrate (see text).
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concentration N. Consequently, one expects the LO-mode strongly in-
teracting with electron plasma through electric field for instigating
plasmon-LO-phonon (PLP) coupled modes. With increase of Si-doping,
one anticipates shift in the asymmetric A1(LO) peak position to cause
broadening in the Raman line shape.

To highlight the nature of asymmetric A1(LO) mode with different N
we have amplified each spectrum of Si-doped GaN/Sapphire epifilms

(cf. Fig. 4) by a factor of ten between the frequency range
of ~ 700–800 cm−1. In samples S5 and S1 with lower value of N, we
noticed A1(LO) phonon mode appearing around ~740 cm−1

. As N is
increased, the phonon-plasmon coupling affected the A1(LO) line shape
– shifting Raman mode to higher frequency (see samples # S2–S4).
Accordingly, the weak A1(LO) mode in samples S2 and S4 vanished in
the background and an Eg mode of sapphire near ~750 cm−1 became a
dominant feature. By adopting meticulous theoretical models, we of-
fered careful analyses of the observed Raman profiles for both
E (in Section3.2. 1)high

2 and A1(LO) (cf. Section 3.2.2) modes.

3.2.1. E high
2 mode

In polar materials, the physics of inelastic interaction of photons
with lattice phonons is sensitive to internal and/or external perturba-
tions [51–56]. Accurate analysis of the Raman profiles is crucial for
assessing the distribution of nanostructured crystallites responsible for
the observed asymmetric optical phonon line shapes. In the hetero-
epitaxially grown n-GaN/Sapphire, the E high

2 mode is investigated by
using a phonon confinement model (PCM). In this model we have si-
mulated Raman intensity of optical modes by methodically integrating
a line-shape function along with the correlation length L specifying the
average size of materials’ homogeneity region: [51–56]

∫=
− → + ( )

I ω
C q d q

ω ω q
( )

| (0, )|

[ ( )]

1

0

2 3

2 Γ
2

2o
(1)

where, = −C q e| (0, )| q L2 /42 2
is the Fourier coefficient with magnitude of

wavevector |
⇀
q | expressed in the units of 2π a/ ; Γ s the natural line width

(or full width at half maximum (FWHM)).
Owing to the energy and momentum conservation in GaN, the op-

tical phonons near center of the BZ ( ≃
⇀
q 0) contribute to the Raman

process. However, disorders and finite size defects may partially or
completely relax momentum conservation rule leading either to the
shifts and/or broadening of the Raman modes. Here, we have employed

Table 2
Room temperature Raman shifts, process and symmetry assignments of the experimental 1st and 2nd-order phonons in the backscattering geometry for an undoped
(wz) GaN/Sapphire (sample # S0). The frequencies of the observed Raman modes and their symmetry assignments are also identified for the sapphire substrate.

Experimental Raman shifts (cm−1) and symmetry assignments
(wz) GaN (1st order) Sapphire (1st order) (wz) GaN (2nd order)

Our Ref. [27] Our Ref. [49] Our Ref. [49] Process Symmetry

142E2
low 144E2

low

317 acoustic overtone A1

410 acoustic overtone A1

379 Eg 378 Eg
418 A1g 418 A1g 420 acoustic overtone A1, E2
431 Eg 432 Eg
450 Eg 451 Eg

533 A1(TO) 531.8 A1(TO) 533 first-order process A1

560 E1(TO) 558.8 E1(TO) 560 first-order process E1

569E2
high 567.6E2

high 569 first-order process E2

578 Eg 578 Eg
645 A1g 645 A1g 640 overtone A1

734 A1(LO) 734 A1(LO) 735 first-order process A1

742 E1(LO) 741 E1(LO) 742 first-order process E1
750 Eg 751Eg

853 855 acoustic-optic comb. A1, E1, E2
943 915 acoustic-optic comb. A1

996 1000 acoustic-optic comb. A1, E2
1090,1105 1150 optic overtone A1

1275, 1280 optic comb. A1, E1
1295 1289 optic comb. E2
1330 1313 optic comb. A1, E1, E2
1370 1385 optic overtone A1

1425 optic overtone A1

1462 1465 optic overtone A1

1507 1495 optic overtone A1, E2

Fig. 4. Room temperature Raman spectra of five (# S1-S5) different Si-doped
GaN/Sapphire samples. The intensity of Raman shift for each sample is en-
hanced by a factor of ten between 700 and 800 cm−1 to highlight the asym-
metric nature of the modes (see text).
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a PCM to simulate the Raman line shape of optical phonons in Si-doped
GaN epifilms to assess the correlation length. According to Richter [51]
the choice of →ω q( ) [= − →A B q| | ]2 is not imperative as long as it ex-
hibits a parabolic behavior near the center of the BZ. The terms A and B
are, respectively the adjustable parameters for determining the peak
position and slope of the curve. By using Eq. (1), we have fitted the
experimental E high

2 GaN modes of Si-doped GaN/Sapphire samples
having different charge carrier concentration N. In Fig. 5, the experi-
mental Raman line shape of sample # S5 is displayed along with the-
oretical simulation. The values of A, L, B and Γ required to fit experi-
mental data for all samples are reported in Table 3.

The comprehensive theoretical analyses have helped us optimize the
growth parameters and to obtain relationship between crystalline
quality and doping level. Based on our results we find (a) no appreci-
able shifts in the E high

2 mode frequencies – suggesting insignificant re-
sidual strain caused by Si doping in GaN at least in samples where the
carrier concentration is less than N < 9.95 × 1017 cm−3, and (b) the
observed narrow EFWHM of high

2 Raman modes implying high struc-
tural quality of Si-doped GaN/Sapphire epilayers which has been well
supported by XRD measurements [31]. Nonetheless, in an earlier report
Lee et al. [57] suggested the possibility of relaxing compressive residual
stress in Si-doped GaN/ Sapphire samples if N is increased up to
~1.6 × 1019 cm−3. However, we have noticed that the authors (Ref.
[57]) did not elaborate on the impact of Si-doping to report the shifts in
the A1(LO) phonons and/or coupled PLP modes (cf. Section 3.2.2)
[58–62].

3.2.2. A1 (LO) mode
In Si-doped GaN with free charge carrier concentration N, one ex-

pects the macroscopic electric field of the A1(LO) mode to strongly
interact with the collective excitation field of free carriers (i.e., plas-
mons) [58–61]. This interaction is responsible for producing two
branches of the PLP modes. The nature of ±L modes depends on

plasmon frequency ωP ⎜ ⎟
⎛
⎝

≡ ⎞
⎠∞ ∗( )πNe

ε m
4 2

which is proportional to the square

root of carrier concentration N. If the frequency of ωP is smaller than
that of an uncoupled A1(LO) phonon (ωP < ωL) – the L- mode behaves
plasmon-like and L+ acts as phonon-like. At higher N, when the fre-
quency of ωP becomes larger than A1(LO) (ωP > ωL), the characteristic
of L+ mode changes from phonon-like to plasmon-like.

In doped materials with contributions from plasma ωP and optical
phonon frequencies (ωL and ωT), the dielectric function ε ω( ) can be
expressed as: [58]

= ⎡
⎣⎢

+
−

− −
−

+
⎤
⎦⎥

∞ε ω ε
ω ω

ω ω iω
ω

ω iωγ
( ) 1

( )
( Γ) ( )

L T

T

P
2 2

2 2

2

2 (2)

where γ and Γ are their respective damping constants. Neglecting γ and
Γ in Eq. (2), one can obtain the PLP modes ±L from the roots of the
equation

= + ± + −± { }ω ω ω ω ω ω ω1
2

[( ) 4 ]L L P L P P T
2 2 2 2 2 2 2 2 1

2 (3)

Clearly, Eq. (3) yields non-linear curves of ±L modes as a function of
N (see: Fig. 6 a) – showing a typical profile of the PLP-modes in n-GaN.
In lightly doped samples with N < 1.7 × 1017 cm−3 –only A1(LO)
modes are observed [27,58–62]. As N increases one expects broadening
of LO peak with a shift towards higher energy side. When N is increased
between 4.85 × 1017 cm−3 to 7.65 × 1017 cm−3 – our Raman mea-
surements (cf. Fig. 4) discovered the overdamped A1(LO) mode van-
ishing in the background – consistent with a recent study using RSS
[62]. Recognizing the fact that the PLP mode is associated with ωP –
this observation is useful for assessing charge carrier concentration by
fitting the observed A1(LO) Ram an profile using: [60]
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with

= − + + − +ω γ ω ω ω γ ω ω ω ω γΔ [( ) ] Γ( )( )P T L T
2 2 2 2 2 2 2 2 2 2 2 (6)

Here, the terms ωT and ωL represent the unstrained
A1(TO) = 533 cm−1 and A1(LO) = 734 cm−1 phonon frequencies; γ
and Γ are the plasmon and phonon damping constants, respectively;

Fig. 5. The fitting of Raman scattering spectra of E high
2 mode for # S5 sample

(only) by using the phonon confinement model using Eq. (1). Similar calcula-
tions for other samples were also performed (not shown here) with required
fitted parameter values reported in Table 3.

Table 3
Parameter values used in fitting Raman spectral profiles of (a) E GaN( )high

2 mode with Eq. (1) and (b) A1(LO) mode with Eqs. (4–6) for Si-doped MOCVD grown GaN/
Sapphire samples having different film thickness and carrier concentration (see: text).

Sample # N (1017) cm−3
E GaN( )high

2 peaka) A (cm−1) a) Γ(cm−1) a) L (Å) a) Raman Shift cm−1 Dominant mode in A1(LO) Raman profile a)

S1 3.58 569.3 569.4 5.0 20.0 739 A1(LO)
S2 6.57 568.8 569.7 4.8 20.0 750 Eg (Sapphire)
S3 4.85 569.5 570.0 5.0 16.0 740 A1(LO)
S4 7.65 569.5 569.8 5.0 16.0 750 Eg (Sapphire)
S5 2.77 569.0 570.0 5.0 20.0 738 A1(LO)

a)This work.
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and C = 0.48 is the so-called Faust-Henry coefficient [63].
By incorporating Eqs. (4–6), we have simulated Raman intensity

profiles of A1(LO) mode for each Si-doped GaN/Sapphire sample by
meticulously including contributions from the plasmon-LO-phonon
couplings and Lorentzian shaped Eg sapphire modes (see: Table 3). In
this process, a Markovian least square fitting procedure is adopted
with ∗m = 0.2 me , ∞ε = 5.35, = ∗γ e

m μ as input while fine tuning the
values of γ, Γ and ωP. Although the estimated results of N andμ from
the line shape fits are somewhat different from our Hall measurements
and recent FTIR spectral analyses [64] (cf. Table 1), the values agreed,
however, reasonably well with an empirical Caughey – Thomas model
[47] (see: Fig. 6 b)). Our best fit calculations of the Raman profiles
displayed in Fig. 7 a)- e) compared favorably well with the

experimental data. These findings clearly suggested that a careful
analysis of the RSS data can be valuable for estimating transport
parameters in Si-doped GaN/Sapphire and/or other semiconductors.

3.2.3. Impurity-induced vibrational modes
Both IR and Raman scattering spectroscopy are frequently used to

acquire impurity vibrational modes for comprehending the site se-
lectivity of isolated and/or complex defect centers in doped semi-
conductors [65]. Like III-V compounds, one expects observing defect
modes of light impurities in III-Ns to appear either in the phonon gap
(as gap modes) and/or above the maximum phonon ωmax frequency
region (as LVMs). Despite a few experimental attempts, [27,28] no
LVMs are ascribed to the isolated defects (CN, ON, SiGa, MgGa) in GaN. It
is quite likely that these defects could have induced static disorder and/
or activated forbidden modes. Therefore, a careful analysis of the dy-
namical properties of doped GaN is very much needed to help appraise
the observed Raman features and assess the site selectivity of defects.

By using a Green’s function (GF’s) methodology [65,66] we have
simulated the structural and dynamical properties of GaN doped with
MgGa ( −a ), and SiGa ( +d ). Impurity vibrational modes of isolated defects
in different irreducible representations (μΓ) are obtained by solving the
real part of the determinant: [65]

∏ − =det I G P{ | |} 0
μ

μ μ
o

Γ
Γ Γ

(7)

where P is the perturbation matrix of isolated defects and Go represent
the GF’s matrix elements of perfect GaN lattice. For calculating the
impurity modes of defects occupying Ga site in GaN, one needs the
perturbation matrix P with mass change parameter (ε1) and force
constant change parameter (t), as well as Go. Here, we have used the
rigid-ion-model (RIM) [48] fitted phonons to IXS data [50] for calcu-
lating the GF’s matrix elements of GaN. For P the force constant change
parameters of MgGa ( −a ), and SiGa ( +d ) defects are obtained from the
lattice relaxation of each defect in GaN by using second derivatives of
the total energies estimated from the first-principle bond-orbital model
(BOM) [66]. Consistent with the local density functional [2] theory, our
BOM results have provided contraction (inward relaxation) in the bond
length for SiGa ( +d ) and stretching (outward relaxation) for MgGa
( −a ) defects in GaN.

With the appropriate values of force variations of 28SiGa (stiffening)
and 24MgGa (softening) in GaN, the simulated results of the impurity
activated modes are reported in Table 4. Despite the differences in the
impurity-host bonding, the mass change parameters in the two cases
have justified the comparable values of the calculated and experimen-
tally [27] observed phonon features. One must note that the lighter
isolated Si and Mg defects occupying Ga sites could have produced
discrete LVMs above the maximum phonon ωm (~742 cm−1) frequency
of GaN. As some of the simulated IVMs (see: Table 4) appear below
A1(LO) mode at nearly closest frequency range independent of the
atomic masses – clearly suggest that such features cannot be related to
the LVMs but instead to defect-activated vibrational modes.

4. Summary and conclusions

In summary, we have reported the results of a comprehensive ex-
perimental and theoretical study to examine the vibrational and
structural properties of high quality, Si doped GaN/Sapphire epifilms
prepared by the two-step MOCVD growth technique. For an undoped
3.6 μm thick sample (# S0) our polarized micro-Raman measurements
have not only provided major 1st order Raman active modes of GaN
epifilm but also sapphire substrate. Careful analysis of the 2nd-order
Raman spectra using critical-point-phonon energies from RIM [48]
fitted IXS data [50] with applicable group-theoretic selection rules have
helped us attain expedient information of the lattice dynamics of GaN.
In Si-doped GaN/Sapphire samples (# S1-S5) a modified PCM is used for
simulating the Raman line shapes of E high

2 phonons for monitoring both

Fig. 6. (a) The carrier-density dependence of plasmon-LO-phonon modes (L±)
in Si-doped GaN using Eq. (3). The experimental results are from Harima Ref.
[26] and Malentev et al. [59]. (b) Comparison of the experimental (Raman,
FTIR and Hall) carrier-density dependence electron mobility μ in Si-doped GaN
with Caughey – Thomas model Ref. [47] (see text).
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Fig. 7. The fitting of Raman scattering spectra of A1(LO) mode for each sample (a-e) by using Eqs. (4–6) with parameter values from Table 3 (see text).

D.N. Talwar, et al. Materials Science & Engineering B 260 (2020) 114615

8



the crystalline quality and strain state. In samples with
N < 9.95 × 1017 cm−3, our study has perceived no appreciable shift
in Ethe high

2 mode – suggesting a trivial residual strain caused by Si
dopants in GaN films. In lightly doped samples, while the optical GaN
modes are coupled to the electron plasma – an over-damped A1(LO)
mode has vanished in the background at higher N. In each sample, we
estimated the transport parameters by simulating Raman profiles of the
A1(LO) modes with contributions from plasmon-LO-phonon coupling
and Lorentzian shaped Eg sapphire mode. While our values of N andμ
obtained from the Raman line shape fits are slightly higher than those
of the Hall and FTIR spectral analyses data [64] – they, however, agreed
reasonably well with the empirical Caughey–Thomas model [47]. By
using a realistic GF’s theory, we also calculated the impurity vibrational
modes of Si donors and Mg acceptors in GaN using [65] a RIM phonons
[48] fitted to the IXS data and including force constant change para-
meters estimated from the first-principle BOM [66]. Despite the dif-
ferences in impurity-host bonding – the mass change parameters in the
two cases justified comparable values of the calculated and experi-
mentally observed phonon frequencies [27,28]. Earlier Limmer et al.
[58] and Lee et al. [57] ascribed the Raman peaks [28] near ~420 and
670 cm−1 as the vibrational modes of vacancy-related defects resulting
from the implantation-induced damage of n-type GaN. Similar features
have also been observed in the 2nd order RSS and assigned to overtones
of transverse acoustic phonons. Consistent with Raman studies, [27]
our calculations suggest the possibilities of impurity activated acoustic
modes between 130 and 135 cm−1, 270 to 287 cm−1, 304 to 317 cm−1

and the optic modes between 652 and 658 cm−1 and 717 to 727 cm−1 –
with no evidence of gap and/or LVMs of Mg and Si defects in GaN. More
FTIR absorption and RSS studies are underway to assess the chemical
origin of different donor (GeGa, ON) and acceptor (CN, BeGa, ZnGa)
species in GaN – observing their vibrational traits and exploiting them
as spectroscopic fingerprints in realistic lattice dynamical simulations.
We strongly feel that studying such material characteristics for both n-
and p-doped GaN epifilms is essential for scientists to evaluate their
potential use in designing and/or engineering electronic devices of
various industrial applications.
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